Abstract The present paper reports on ethanol oxidation reaction (EOR) investigated at catalytically modified nickel foam material. The EOR was studied in 0.1 M NaOH supporting electrolyte on Pd-activated nickel foam catalyst material, obtained by a spontaneous deposition method. Catalytic modification of Ni foam resulted in a composite material having superior EOR kinetics, as elucidated through corresponding values of a.c. impedance-derived charge-transfer resistance parameter (including temperature-dependence of the EOR over the temperature range 20-60°C). The presence of a catalytic additive was disclosed from SEM and XRD analyses.
Introduction
Electrooxidation of ethanol attracts significant attention because of its potential application in direct ethanol fuel cells (DEFCs) [1] . Ethanol is an important renewable fuel, which could conveniently be produced in great quantities, e.g. by fermentation of sugar-containing biomass. As compared to methanol, its key competitor, ethanol is not only characterized by significantly higher (by ca. 30 %) energy density but is also substantially non-toxic [2, 3] . The most desired anodic reaction for a DEFC device is complete oxidation of a C 2 H 5 OH molecule to form water and CO 2 . However, ethanol oxidation reaction (EOR) typically leads to numerous intermediates and by-products that could potentially become adsorbed on the catalyst surface. In fact, the main difficulty here (especially at low-operating temperatures) is to achieve significant cleavage of the C-C bond [2] .
As kinetics of ethanol oxidation process were found to become significantly facilitated in alkaline environments [4] [5] [6] [7] [8] , the range of suitable EOR catalyst materials was extended to cover non-noble but highly corrosion-resistant metals, such as nickel, which also possesses reasonable electrical and thermal conductivities and good mechanical durability [9, 10] . Nickel foams have commercially been available for more than two decades. Application of highly modifiable base material having large specific surface area is of superior importance for the development of low noble metal level, highly electroactive catalyst composites. In this respect, nickel foam might potentially become a key player within such important electrochemical technologies as alkaline PEM fuel cells, water electrolysers, hydrogen storage and pollutant degradation systems [11] [12] [13] .
In this study, Pd-modified Ni foam sample electrodes were prepared by means of a spontaneous deposition method, as described in ref. 13 . Such obtained catalyst materials were employed as electrocatalysts for the EOR over the temperature range 20-60°C, in 0.1 M NaOH supporting electrolyte. Palladium was chosen, as Pd was previously found to exhibit high catalytic activity for ethanol oxidation in alkaline media, along with superior tolerance against CO poisoning effect [14] [15] [16] [17] [18] . It should be stressed that pure Ni foam itself does not possess any electrocatalytic activity towards the EOR [19] . However, nickel foam material could be made catalytic for alcohol oxidation reaction through the surface formation of extensive oxide/hydroxide layer [20] .
Experimental
An electrochemical cell made of Pyrex glass was used during the course of this work. The cell comprised three electrodes: a Ni foam-based working electrode (WE) in a central part, a reversible Pd (0.5 mm diameter, 99.9 % purity, Aldrich) hydrogen electrode (RHE) as reference and a Pt (1.0 mm diameter, 99.9998 % purity, Johnson Matthey, Inc.) counter electrode (CE), both placed in separate compartments. Nickel foam was provided by MTI Corporation (purity: >99.99 % Ni; thickness: 1.6 mm; surface density: 346 g m −2 ; porosity: ≥95 %), where no information on the specific surface area of this foam was given. However, the electrochemically active surface area of the MTI foam has been estimated at 19.2 cm ) in recent work from this laboratory [21] (compare with similar values recorded by Grden et al. [22] and by van Drunen et al. [23] , based on the impedance and the cyclic voltammetry-derived data, correspondingly). All studied working electrodes were 1 cm×1 cm. Spontaneous deposition of Pd on nickel foam samples [13] was carried out in several steps: Freshly cut foam samples were subjected to acetone and CH 2 Cl 2 wash (15 min+ultrasonication), following air drying and acid etching in 2 M HCl (15 min at 60°C); then, Fig. 1 ) to obtain Pd-modified Ni foam composite electrodes. Cyclic voltammetry and electrochemical impedance spectroscopy techniques were employed in this work. All measurements were registered over the temperature range 20-60°C by means of Solatron 12,608 W Full Electrochemical System. Data analysis was performed with ZView 2.9 (Corrview 2.9) software package, where the impedance spectra were fitted using a complex, non-linear, least-squares immitance fitting program LEVM 6, written by J.R. Macdonald [24] . All other experimental details, including preparation of supporting electrolyte (0.25 M C 2 H 5 OH in 0.1 M NaOH), pretreatments applied to electrochemical cell and electrodes, and employed a.c. impedance protocol were as those given in refs. 7, 8 and 18.
Results and Discussion
A sample of Pd-modified (at. ca. 0.27 wt% Pd) MTI-delivered Ni foam material, recorded for the magnification of 15,000× is shown in a SEM micrograph picture of Fig. 1a , where high density of homogeneously distributed small Pd nuclei could clearly be observed. In addition, the powder XRD-calculated (Siemens D500 powder diffractometer with CuK α radiation; λ=1.5418 Å, U=38 kV, I=30 mA was used) average Pd grain size value came to 10.0±0.8 nm (see Fig. 1b) . The above was accomplished by means of the Scherrer's method through correlation of the size of crystallite domains with relative widening of diffraction peaks [25] . Furthermore, SEM (Quanta FEG 250 scanning electron microscope was employed) grain size estimations were on the order of 10.0±1.0 nm. Figure 2 below presents the cyclic voltammetric behaviour for the temperature-dependent process of ethanol electrooxidation (at 0.25 M C 2 H 5 OH), performed on Pdmodified Ni foam material in 0.1 M NaOH supporting solution. Hence, during the forward, 20°C potential scan, a single oxidation peak A (centred at ca. 1.4 V vs RHE) appears in the voltammetric profile. However, upon the reverse scan towards the H 2 reversible potential, another oxidation peak (denoted as B and centred at about 0.6 V) emerges in the CV profile (see Fig. 2 ). While the latter, low potential peak, is usually assigned to oxidation of surface-adsorbed CO ads. species, the former peak corresponds to the formation of other EOR surface oxidation products but primarily to acetaldehyde [13, [26] [27] [28] [29] . Furthermore, a small but discernible cathodic peak C, observable in the CV profile at ca. 1.1-1.3 V, most likely corresponds to the reduction of Ni(II) oxidation products [30] , simultaneously formed during the EOR over the potential range 1.2-1.6 V RHE.
An increase of the reaction temperature from 20 to 60°C caused significant amplification of the CV-recorded current densities. Interestingly, the corresponding centres for the high temperature peaks A and B became considerably shifted towards more positive potentials, both by ca. 200 mV (see Fig. 2  again) . It should also be noted that the temperature increase has a significant impact on the EOR onset potential, which at 60°C became substantially displaced towards the H 2 reversible potential (see inset to Fig. 2) .
The reported here voltammetric EOR results are in good agreement with those recently reported for analogous experimental setup by Verlato et al. in ref. 13 . However, for the former work, the voltammetric data format is presented here as per gram of the Ni foam/Pd composite (ca. 0.27 wt% Pd), whereas for the latter one, the CV results were displayed as per gram of pure Pd additive (see Fig. 11 in ref. 13) . Thus, in order to make this comparison meaningful, one would have to multiply our current data presented in Fig. 2 by a factor of  about 370× .
The a.c. impedance spectroscopy behaviour of the process of electrooxidation of ethanol (at 0.25 M C 2 H 5 OH) on the Pdactivated Ni foam electrode in 0.1 M NaOH is presented in Table 1 and Figs. 3 and 4 below. Hence, over the potential range 400-1,400 mV versus RHE, the impedance behaviour of the Pd-modified nickel foam is characterized by a single, partial and somewhat distorted semicircle, exhibited over intermediate and low frequencies in the Nyquist impedance spectra (see examples of impedance spectra obtained at two temperature extremes for the potential of 1,000 mV in Fig. 3 ). This semicircle corresponds to the charge-transfer resistance (R ct ) of the ethanol oxidation process. For 20°C, the onset of ethanol oxidation could clearly be observed at about 400 mV in Fig. 2 , which corresponds to 3.04 Ω g for the recorded R ct parameter value. Then, over the potential range 400-1,400 mV, the charge-transfer resistance exhibited major reduction from 3.04 to 0.45 Ω g, respectively, where its minimum (0.14 Ω g) was recorded at 1,000 mV, prior to reaching the peak current potential value of the oxidation peak A. This Fig. 4 Equivalent circuit used for fitting the obtained a.c. impedance spectroscopy data, where R sol is solution resistance, CPE dl is double-layer capacitance (represented as constant phase element to account for distributed capacitance) and R ct is charge-transfer resistance parameter for electrooxidation of ethanol behaviour most likely results from the fact that a major oxidation process is accompanied by a number of side reactions. Their intermediates become partly adsorbed on the catalyst's surface, thus inhibiting the kinetics of the key oxidation process. The above could be supported by dramatically increased double-layer capacitance, C dl parameter, recorded at the potential values of 1,200 and 1,400 mV (Table 1) , which does imply considerable contribution from surface adsorption processes that might take place over the corresponding potential range. Furthermore, the R ct parameter revealed substantial temperature-dependent behaviour over the studied temperature range 20-60°C, at all examined potential values. Thus, as an example, for the two extreme temperatures (20 and 60°C), the R ct parameter became reduced by ca. 1.8 and 2.9× for 400 and 1400 mV, respectively.
On the other hand, the double-layer capacitance (C dl ) parameter recorded for 20°C for the potential range 400-1,100 mV exhibited some fluctuation ( , respectively). These values are dramatically higher than that reported for the unmodified Ni foam material in Experimental section above, as well as those recently recorded in works by Verlato et al. [13] , Grden et al. [22] and by van Drunen et al. [23] . Similarly, a radical modification of electrochemically active surface area for nickel foam was achieved on Pt-modified (via chemically induced reduction) electrode in ref. [33] , where this material was comprehensively evaluated with respect to its suitability for a number of electrochemical processes, including hydrogen/oxygen evolution and reduction reactions.
Interestingly, the C dl parameter tends to become diminished upon temperature increase (most likely a consequence of increased surface blockage by intensified presence of reaction intermediates). On the other hand (as argued above), a dramatic increase of the C dl for electrode potentials exceeding 1,100 mV most likely reflects pseudocapacitance components of the surface adsorption processes. Furthermore, in relation to the so-called capacitance dispersion effect [34, 35] , the recorded values of a dimensionless parameter ϕ 1 (for the CPE component in Fig. 4 ) oscillated between 0.60 and 0.95.
In addition, the Arrhenius plot-derived (see Fig. 5 ) apparent activation energy (E A ) for electrooxidation of ethanol on the Pd-modified Ni foam catalyst material was derived for the three selected potentials, namely EOR peak current, CO oxidation peak current and minimum of the R ct parameter. The recorded values of the E A parameter came to 12.4, 23.8 and 10.6 kJ mol −1 , correspondingly. These are either in good agreement or else, they are significantly more favourable than those recently recorded for Pd/C [29] or Pd-bulk [14, 15] catalyst materials for the EOR, thus opening a serious opportunity for further development of large surface area, Pdmodified nickel foam anode materials, for commercial applications in direct ethanol fuel cells. These results may also be supported by work of Wang et al. [19] , where a 3D-structured Ni foam/Pd electrode, fabricated by direct electrodeposition of palladium nanoparticles (10-40 and 100-150 nm), was shown (by cyclic voltammetry characterization) to exhibit significantly higher electroactivity in 1.0 M KOH than the corresponding Pd film electrode. The latter was (without getting into any detailed analysis) attributed to extensive modification of electrochemically active surface area for the Pd-modified Ni foam catalyst [19] .
Conclusions
Large surface area, palladium-modified (at below 0.3 wt% Pd) nickel foam proved to possess highly catalytic properties towards electrooxidation of ethanol in 0.1 M NaOH supporting electrolyte. Reaction onset and the kinetics of EOR are strongly dependent on the reaction temperature. Also, recorded values of apparent activation energy for ethanol oxidation at Pd-modified Ni foam were either comparable or significantly more favourable than those derived under analogous conditions for Pd/C or Pd-bulk type catalyst materials, making the former highly competitive anode material for potential application in direct ethanol fuel cell devices. Further work (beyond this introductory examination) will be carried out in order to assess the catalyst's long-time stability in reaction environment along with an intention to derive an optimum Pd loading level in reference to electrocatalytic activity of Pd-activated Ni foam EOR catalyst material.
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